Introduction
============

The development of multi-ion-responsive, unimolecular systems has become a challenging task in the field of supramolecular chemistry. In this context, exciting new prospects in the field include molecular logic gates,\[[@b1]\] molecular keypad lock devices,\[[@b2]\] lab-on-molecule type devices,\[[@b1], [@b3]\] and ion-pair receptors,\[[@b4]\] based on the amphoteric nature of the imidazole ring, which can function as a selective and effective anion and/or cation and even neutral organic molecule receptor system.\[[@b5]\]

On the other hand, organic dyes with intense fluorescence, especially in the solid state,\[[@b6]\] have received considerable attention for their wide applications in optoelectronic materials,\[[@b7]\] biological sensors,\[[@b8]\] and fluorescence imaging.\[[@b9]\] Although a number of organic dyes with strong emission in solution have been reported, in most cases, their fluorescence is quenched in the solid state mainly owing to aggregation and intermolecular interaction. Organic dyes with intense fluorescence in both solution and solid state are still limited. Therefore, the design and synthesis of luminescent materials possessing luminescence in the solid state is very attractive and of great importance.

Benzothiadiazole-derived molecules are widely investigated nowadays due to their well-known photophysical properties, such as a high extinction coefficient, intense fluorescence in both solution and the solid state, and a large Stokes shift.\[[@b10]\]

The design of receptors that contain two different binding sites for the complexation of cationic and anionic guest species is an emerging and topical field of supramolecular chemistry. Due to its amphoteric nature, the imidazole ring can function as a selective and effective anion and/or cation, and even a neutral organic molecule receptor system. In fact, the imidazole ring behaves as an excellent hydrogen-bond donor moiety in synthetic anion receptor systems, and the acidity of the NH proton of the imidazole can be modulated by changing the electronic properties of the imidazole substituents. On the other hand, the presence of a donor pyridine-like nitrogen atom within the ring, capable of selectively binding cationic species, also converts the imidazole derivatives into excellent metal ion sensors.\[[@b5]\]

Detection of explosives is a high priority challenge for life security and health/environmental issues.\[[@b11]\] Among explosive compounds, nitroaromatics are perhaps the most widely used in criminal acts, in landmines, and in cluster bombs. 2,4,6-Trinitrotoluene (TNT) and 2,4-dinitrotoluene (DNT) are the primary constituents of many unexploded landmines worldwide, and picric acid (PA) is very powerful with an explosive power stronger than even TNT.\[[@b12], [@b13]\] Moreover, PA causes several health effects, is a strong irritant to skin, and can cause potential damage to organs involved in the respiratory system.\[[@b13]\] On the other hand, PA has been widely used in pharmaceuticals, dye industries, and as a common reagent in chemical laboratories. Due to its wide use, it can easily contaminate soil and ground water when exposed. Hence development of efficient sensors for the detection of PA is a challenging task for synthetic chemists in order to prevent terrorist threats as well as to detect its presence as an environmental pollutant.

It is worth mentioning here that *p*-nitrophenol derivatives are also among the most toxic pollutants evaluated by US Environmental Protection Agency (EPA).\[[@b14]\] Design and development of chemosensors for rapid and selective detection of nitroaromatic analytes (explosives); in particular, TNT, DNT, and PA, are perceived to be of great importance due to their potential utility in national security screening and also for the environmental concerns.\[[@b11b], [@b15]\] Various methods have been employed for the detection of nitroaromatic compounds; among these, fluorescence sensing is widely employed because of its high sensitivity and quick response. The electron-deficient nature of the aforementioned analytes makes them amenable to detection by electron-rich fluorescence sensors via a photoinduced electron transfer (PET) quenching mechanism.\[[@b16]\] Even though several π-electron-rich fluorescent organic polymers\[[@b15c], [@b15e], [@b16b], [@b16c]\] and metal--organic architectures\[[@b17]\] have been employed to detect the presence of electron deficient nitroaromatics, development of suitable organic chemosensors with high selectivity for PA is still a very challenging task.\[[@b18]\]

Here, we describe the photophysical and binding properties of multifunctional small-molecules **2** and **3**, which behave as selective fluorescent chemosensors not only for both cations and anions but also for neutral molecules such as nitroaromatic compounds. To this end, we have combined the benzothiadiazole ring with the imidazole ring, which can function as a selective anion and/or cation receptor system. The resulting imidazo-2,1,3-benzothiadiazole, additionally decorated with a pyrrole or triphenylamine unit, displayed either binding or fluorescent properties. Most noteworth is the multiresponsive character of the imidazo-benzothiadiazole receptors (**2** and **3**) and their ability to act not only as strong fluorescent sensors but also as favorable binding sites for anions, cations and neutral nitroarenes, displaying discrimination in the recognition event towards PA.

Results and Discussion
======================

Target receptors **2** and **3** were prepared in 40 % yield from 4,5-diamino-2,1,3-benzothiadiazole **1**\[[@b19]\] by condensation with 2-formylpyrrole and 4-diphenylaminobenzaldehyde, respectively (Scheme [1](#sch01){ref-type="scheme"}), and characterized by standard techniques (see Figure S1--S11 in the Supporting Information).

![Synthesis of receptors **2** and **3**. *Reagents and condition*s: a) 2-formylpyrrole, PhNO~2~, 60 °C; b) 4-(diphenylamino)benzaldehyde, PhNO~2~, 60 °C; 24 h, 40 % (over two steps).](open0003-0242-f10){#sch01}

Solvatochromism
---------------

Compound **2** is a yellow powder soluble in common organic solvents. Both the powder and the solutions of this receptor in organic solvents give a strong photoluminiscence under irradiation with a general UV lamp (*λ*=365 nm) (Figure [1](#fig01){ref-type="fig"}). The solvent polarity has an effect on the emission wavelength of the compound. The maximum emission (*λ*~max~) band shifts to a longer wavelength with increase in the polarity of the solvent: for example, from 490 nm in toluene to 575 nm in DMSO, with the Stokes shift varying from 5102 to 7557 cm^−1^. The same trend was also observed for compound **3** where the magnitude of the red-shift observed in the emission band is also dependent on solvent polarity: from 488 nm in toluene to 595 nm in DMSO (Table [1](#tbl1){ref-type="table"}). This solvatofluorochromism observed for the phospholuminescence suggests that the photoexcited states have a polar nature, which is stabilized by solvation, and the light emission takes place from the stabilized molecules. In contrast, the UV/Vis absorption spectra did not show noticeable solvatochromism, as expected, due to the low polarity of these receptors in their ground states and only a very slight batochromic shift of the *λ*~max~ was observed by varying the solvent(Table [1](#tbl1){ref-type="table"} and Figure S13 in the Supporting Information).

![Solvent-dependent emission spectra of **2** (λ~exc~=300 nm) and **3** (λ~exc~=350 nm) (*c*=10^−6^ [m]{.smallcaps}). Inset: Visual changes observed in the fluorescence under a UV lamp (*λ*=365 nm) in the solid state and in solution of different solvents.](open0003-0242-f1){#fig01}

###### 

UV/Vis and emission data for compounds 2 and 3

  Compd   Solvent          *λ*~max~ \[nm\] (ɛ)[\[a\]](#tf1-1){ref-type="table-fn"}   λ~em~ \[nm\]   Φ[\[b\]](#tf1-2){ref-type="table-fn"}   Δ*ṽ* \[cm^−1^\][\[c\]](#tf1-3){ref-type="table-fn"}
  ------- ---------------- --------------------------------------------------------- -------------- --------------------------------------- -----------------------------------------------------
  **2**   H~3~C-C~6~H~5~   392 (340)                                                 490            0.280                                   5102
  **2**   Cl-C~6~H~5~      391 (340)                                                 510            0.364                                   5968
  **2**   CH~2~Cl~2~       385 (420)                                                 525            0.334                                   6926
  **2**   THF              399 (390)                                                 520            0.286                                   5832
  **2**   CH~3~CN          391 (340)                                                 555            0.115                                   7557
  **2**   DMSO             405 (320)                                                 575            0.054                                   7300
  **3**   H~3~C-C~6~H~5~   355 (347)                                                 488            0.232                                   7677
  **3**   Cl-C~6~H~5~      357 (342)                                                 525            0.267                                   8963
  **3**   CH~2~Cl~2~       355 (392)                                                 555            0.189                                   10151
  **3**   THF              349 (348)                                                 515            0.244                                   8990
  **3**   CH~3~CN          350 (377)                                                 585            0.031                                   11477
  **3**   DMSO             355 (368)                                                 595            0.048                                   11602

UV/Vis data; values in parentheses are ɛ 10^−3^ in dm^3^ mol^−1^ cm^−1^.

fluorescence quantum yields.

Stokes shift (Δ*ṽ*) calculated as 1/*λ*~max,abs~-1/*λ*~max,em~.

Thus, the aforementioned photophysical properties of receptors **2** and **3** revealed that the intense fluorescence, both in solution and solid state, and the large Stokes shift values could be the general properties of substituted imidazo-benzothiadiazoles.

Cation and anion binding properties
-----------------------------------

To investigate the applications of receptors **2** and **3** as chemical sensors for ions, their chemosensory characteristics were investigated towards a number of cations and anions in acetonitrile.\[[@b20]\] In the presence of Hg^2+^ cations, the absorption low-energy band at a *λ* value of 391 nm disappears with concomitant appearance of a new blue-shifted absorption band at 325 nm. The emission band is blue-shifted from 555 nm to 512 nm (Δ*λ*=−43 nm), and the intensity significantly decreases in the presence of Hg^2+^. The absorption and emission spectral intensity and wavelength remain almost unchanged in the presence of the other tested cations. The effects of several types of anions were investigated. Only in the presence of AcO^−^ anions is the low-energy absorption band red-shifted (Δ*λ*=17 nm), whereas addition of CN^−^, HP~2~O~7~^3−^, and F^−^ anions clearly induce deprotonation (Figure S14--S16 in the Supporting Information). In addition, a decrease (*I*~0~/*I*~F~=5) of the emission spectral intensity of the receptor was observed in the presence of AcO^−^ anions, although the wavelength remained unchanged (Figure [2](#fig02){ref-type="fig"}). The stoichiometries of the receptor/guest ion systems were determined using the Job plots obtained from the spectrophotometric titration data (Figure S19 in the Supporting Information), and the results suggest a 1:1 binding (receptor/AcO^−^ anion), with an association constant\[[@b21]\] (*K*~a~) of 4.45×10^5^ [m]{.smallcaps}^−1^ and a detection limit\[[@b22]\] of 1.07 μg mL^−1^. For the case of metal cations, a 2:1 stoichiometric ratio (receptor/cation) was observed, with a *K*~a~ value of 1.98×10^9^ [m]{.smallcaps}^−2^ and a detection limit of 0.13 μg mL^−1^. The electrospray ionization mass spectrometry (ESI-MS) spectrum of **2** in the presence of Hg^2+^cations shows a peak at *m*/*z* 681.2 (\[*M*^*+*^−2H\]^−^) indicative of the formation of the 2:1 complex. The relative abundance of the isotopic clusters is also in good agreement with the simulated spectra for such a 2:1 complex (Figure S20--S21 in the Supporting Information).

![Changes in the absorption spectrum (a) and emission spectrum (b) of **2** (black) in CH~3~CN in the presence of Hg(OTf)~2~ (purple) and \[(*n*Bu)~4~N\]AcO (green). Inset: visual changes observed in the fluorescence of CH~3~CN solutions.](open0003-0242-f2){#fig02}

In case of receptor **3**, the UV/Vis titration upon addition of the set of cations demonstrated that **3** is able to selectively bind to Hg^2+^ metal cations. Thus, the characteristic absorption band at 350 nm gradually decreased upon increasing Hg^2+^ while the simultaneous appearance of a new band centered at a *λ* value of 367 nm (Δ*λ*=17 nm) was observed (Figure [3](#fig03){ref-type="fig"} and Figure S22 in the Supporting Information). Similar to receptor **2**, the intensity of the emission band of **3** decreases upon increasing the amount of Hg^2+^ metal cation (*I*~0~/*I*~F~=61) (Figure [3](#fig03){ref-type="fig"} and Figure S23 in the Supporting Information). This metal cation formed complexes with a 2:1 stoichiometry (receptor/metal cation), as assessed by the method of continuous variation (Job plot) and ESI-MS (Figure S24--S26 in the Supporting Information). The corresponding calculated *K*~a~ value is 2.76×10^8^ [m]{.smallcaps}^−2^. On the other hand, receptor **3** did not show significant differences in relation to **2** upon addition of anions, and a noticeable selectivity could also be observed towards the acetate anion, when both UV/Vis and fluorescent titrations were carried out (Tables S4 and S5, and Figure S27--S29 in the Supporting Information) in the presence of the set of anions tested. Moreover, the appearance of clear isosbestic points (IP) during the titration processes both with Hg^2+^ metal cation and AcO^−^ anion (Table S4 in the Supporting Information) clearly suggest the generation of two species in the system during the detection processes of both analytes.

![Changes in the absorption spectrum (a) and emission spectrum (b) of **3** (black) in CH~3~CN in the presence of Hg(OTf)~2~ (blue) and \[(*n*Bu)~4~N\]AcO (green). Inset: visual changes observed in the fluorescence of CH~3~CN solutions.](open0003-0242-f3){#fig03}

The binding properties of **2** and **3** toward Hg^2+^ and AcO^−^ were also studied by monitoring the ^1^H NMR spectral changes caused by the addition of aliquots of these ions to solutions of the receptors in deuterated acetonitrile. The spectral changes observed upon addition of Hg^2+^ to receptor **2** are evident from Figure [4](#fig04){ref-type="fig"}, suggesting that **2** recognizes Hg^2+^ via coordination bond interaction between the N3 and N4 and the metal ion, which induces the general downfield shifts observed in the signals of the receptor during the recognition process (Figure S31 in the Supporting Information). On the other hand, upon addition of AcO^−^ anion, the signals corresponding to the NH protons collapse into one equivalent signal that was significantly downfield shifted (Δ*δ*=2.89 and Δ*δ*=3.81 ppm) suggesting their binding with the anion through hydrogen-bond interactions. It is also worth mentioning that a very slight upfield shift was also observed for the H7 signal (Δ*δ*=−0.13), while signals for H5′, H4′, and H3′ remained almost unaffected (Figure [4](#fig04){ref-type="fig"} and Figure S32 in the Supporting Information).

![Changes in the ^1^H NMR (in CD~3~CN) spectrum of **2** (middle) upon addition of \[(*n*Bu~4~N)\]AcO (top) and Hg(OTf)~2~ (bottom).](open0003-0242-f4){#fig04}

As shown in Figure [5](#fig05){ref-type="fig"}, the most significant ^1^H NMR spectral changes observed upon coordination of Hg^2+^ metal cation to receptor **3** are the following: 1) the H7 and H8 protons within the heterocyclic ring system showed slight downfield shifts (Δ*δ*=0.16 ppm and Δ*δ*=0.12 ppm, respectively); 2) the signals corresponding to the H2′ and H3′ protons, within the *p*-disubstituted phenyl group at the 2-position of the fused imidazole ring, showed a marked upfield shift (Δ*δ*=−0.30 ppm and Δ*δ*=−0.38 ppm, respectively); 3) while the changes of the *meta* (H3′′) and *para* protons (H4′′) within the monosubstituted *N*-phenyl rings were not prominent, the signal corresponding to the *ortho* protons (H2′′) underwent a very slight upfield shift (Δ*δ*=−0.14 ppm) (Table S7 in the Supporting Information). In contrast, addition of AcO^−^ anion to receptor **3** induce an upfield shift for the signal corresponding to H7 (Δ*δ*=−0.25 ppm) while the H8 proton remains almost unaffected (Δ*δ*=0.11 ppm). Simultaneously, the signals corresponding to the *ortho* hydrogen atoms within the phenyl group at position 5 of the heterocyclic system also showed noticeable downfield shifts in the bound receptor (Δ*δ*=0.25 ppm) (Table S7 in the Supporting Information). Unfortunately, the comparison between the signals of the imidazole NH group in the free and bound receptor could not be estimated because it was impossible to obtain a spectrum due to the limited solubility of this receptor in deuterated acetonitrile.

![Changes in the ^1^H NMR (in CD~3~CN) spectrum of **3** (middle) upon addition of Hg(OTf)~2~ (top) and \[(*n*Bu~4~N)\]AcO (bottom).](open0003-0242-f5){#fig05}

Detection of aromatics
----------------------

In order to test the interaction of receptors **2** and **3** with selected nitroaromatic compounds, the following molecules were selected for this study: DNT, 2-nitrotoluene (NT), 2,4-dinitrobenzene (DNB), nitrobenzene (NB), 4-nitrophenol (NP), 2,4-dinitrophenol (DNP) and picric acid (PA). The fluorescence attenuation of receptor **2** in acetonitrile was investigated as the degree of fluorescence quenching response depends on the electron deficiency. While insignificant quenching was observed for NB (*I*~0~/*I*~F~=4), and moderate quenching for DNT, NT, and DNB (*I*~0~/*I*~F~=9), highly efficient quenching was observed for hydroxy-substituted nitroarenes: NP (*I*~0~/*I*~F~=50) and DNP (*I*~0~/*I*~F~=20). Significantly, receptor **2** showed a different sensitivity towards PA because not only was a decrease of the emission band observed (*I*~0~/*I*~F~=3), but also, more importantly, a blue-shift of the wavelength (Δ*λ*=−15 nm) (Figure [6](#fig06){ref-type="fig"}).

![Changes in the absorption spectrum (a) and emission spectrum (b) of **2** (black) in CH~3~CN in the presence of picric acid (PA) (purple) and in the presence of *p*-nitrophenol (NP) (green). Inset: visual changes observed in the fluorescence of CH~3~CN solutions.](open0003-0242-f6){#fig06}

A similar picture emerged from the comparison of the emission spectra obtained upon addition of the aforementioned nitroaromatic derivatives to receptor **3**, where the same quenching effect was observed although to a lesser extent. In contrast, addition of PA to **3** resulted in the quenching of its fluorescence but without promoting any shift of its emission wavelength, as receptor **2** did under similar conditions (Figure S36 and S39 in the Supporting Information).

Fluorogenic titrations of receptors **2** and **3** with PA indicated the formation of 1:1 complexes in both cases (Figure S42 in the Supporting Information), with *K*~a~ values of 8.2×10^3^ [m]{.smallcaps}^−1^ for **2** and 4.49×10^3^ [m]{.smallcaps}^−1^ for **3**, while the detection limits were 159 μg mL^−1^ and 317 μg mL^−1^ for **2** and **3**, respectively. Nonaromatic analytes, such as nitromethane, do not give rise to a quenching response due to the lack of π--π interactions.

In order to study the behavior of **2** and **3** toward PA, comparison experiments of ^1^H NMR titration of **2** and **3** with HBF~4~ and PA were carried out. As shown in Figure [7](#fig07){ref-type="fig"}, the most significant ^1^H NMR spectral changes observed in receptor **2** upon addition of HBF~4~ and PA were the marked downfield shifts for all the proton signals with respect to those found in the free receptor. However, the magnitudes of the observed changes in chemical shifts (Δ*δ*) for those signals were significantly different (Table S11 in the Supporting Information). Moreover, the values of such Δ*δ* promoted by PA were lower than those resulting from the protonation by the HBF~4~.

![Changes in the ^1^H NMR (in CD~3~CN) spectrum of **2** upon addition of HBF~4~ (top) and picric acid (PA) (bottom).](open0003-0242-f7){#fig07}

All these results suggest that the presence of a phenol group in the guest molecule is important, because the hydroxy unit forms hydrogen-bonding interactions with the nitrogen atoms in the receptor. Such a ground-state complexation facilitates the fluorescence quenching process. The roles of the nitro groups on the benzene ring are twofold; they affect the electron deficiency of the π system and control the strength (acidity) of the phenol unit for hydrogen bonding. In the case of PA, three nitro groups result in the most deficient π system for driving the fluorescence quenching and the strongest interaction with the nitrogen atoms for promoting the quenching process. As a result, the receptor exhibits an unusual sensitivity and selectivity in response to PA. Thus, in accordance with the ^1^H NMR data, we believe that the recognition event probably involves an initial proton transfer followed by hydrogen-bond formation and subsequent phenoxide coordination by forming N^+^−H⋅⋅⋅TNP^−^ hydrogen bonds.\[[@b23]\] In other words, the increasing quenching efficiency with increasing acidity of the phenolic analytes, and the shifts in emission maxima upon addition of PA suggest the presence of electrostatic interactions between PA and the receptor, which are absent in other nitro analytes.

Similarly, addition of HBF~4~ and PA to receptor **3** also induced different ^1^H NMR spectral changes. Thus, upon addition of HBF~4~, significant downfield shifts were observed for the H7 and H8 protons within the heterocyclic framework as well as for the protons present in the monosubstituted N-phenyl rings. Moreover, the doublet corresponding to the H2' aromatic protons of the *p*-disubstituted phenyl group were significantly upfield shifted, while the doublet associated to the H3' protons was almost unaffected. The changes promoted by PA are clearly illustrated in Figure [8](#fig08){ref-type="fig"}. Although the shifts in the proton signals induced by PA with respect to those observed in the free receptor followed the same trend as those found upon addition of HBF~4~, the magnitudes of the resulting upfield or downfield shifts were considerably different (Table S12 in the Supporting Information). Therefore, the phenomena involved in this recognition process should be almost similar to the aforementioned case of receptor **2**.

![Changes in the ^1^H NMR (in CD~3~CN) spectrum of **3** upon addition of picric acid (PA) (top) and HBF~4~ (bottom).](open0003-0242-f8){#fig08}

Theoretical calculations
------------------------

In order to obtain some additional information regarding the mechanism of fluorescence quenching in **2** upon addition of nitrophenols, the simplest reaction with NP was modeled computationally. An initial acid--base reaction (see above) must proceed by protonation of **2** at the basic imidazole N6 atom, resulting in a **2**⋅H^+^ species that is more stable than those protonated at the thiadiazole N3 and N1 atoms by 13.58 and 13.40 kcal mol^−1^, respectively, at the optimization level. The overall transformation of **2** and NP into the isolated conjugated acid/base species **2**⋅H^+^ and 4-nitrophenolate is remarkably endergonic by 21.19 kcal mol^−1^ at the COSMO~MeCN~/DLPNO-CCSD(T)/def2-TZVP level. Nevertheless, previous π-stacking between the reagents favors the proton-transfer process due to occurrence of three simultaneous noncovalent interactions (NCIs): namely the electrostatic attraction between cation and anion within the ion pair \[**2**⋅H\]^+^⋅\[4-O~2~N-C~6~H~4~-O\]^−^, strong hydrogen bonding between the pyrrolic NH and the phenolate O atom (d~O⋅⋅⋅H~=1.754 Å; WBI=0.063; LBO=0.241; ρ(r)=4.07×10^−2^ *e/a~o~*^*3*^), and the resulting tight π-stacking characterized by three bond critical points (BCP) (Σρ(r)=2.52×10^−2^ *e/a~o~*^*3*^). These NCIs are conveniently visualized by reduced electron density (RDG) isosurfaces using the NCIplot technique (Figure [9](#fig09){ref-type="fig"}).\[[@b24], [@b25]\] The mean planes of both ionic components are almost parallel (∢=1.7°) and located at a rather short distance of 3.159 Å (average of orthogonal distances of the centroid of one ring system into the mean plane of the other). The phenoxide C−O bond is slightly bent inwards and the pyrrolyl substituent rotated (NCCN dihedral ∢=36.7°) to enable for hydrogen-bond formation. At the working DLPNO-CCSD(T) level of theory, formation of the ion pair was found to be only slightly endergonic from the isolated reagents by 7.17 kcal mol^−1^, and it is believed to account for deactivation of the intrinsic fluorescence of the receptor; a phenoxide-centered HOMO is located energetically between the receptor-centered orbitals involved in fluorescence HOMO-1 and LUMO (see the Supporting Information). A good agreement was found for the ion-pair formation energy computed with the same basis set and solvation model at lower levels such as SCS-MP2 (8.62 kcal mol^−1^) and LPNO-NCEPA/1 (0.76 kcal mol^−1^ lower than the highest reference level, before BSSE correction; see Computational Methods in the Experimental Section), whereas only M06-2X (3.82 kcal mol^−1^) and Grimmes PWBP95-D3 level (2.67 kcal mol^−1^) predict a rather thermoneutral balance.

![Computed (M06-2X/def2-TZVP-f) most stable structure for ion pair \[**2**⋅H\]^+^⋅\[4−O~2~N−C~6~H~4~−O\]^−^ with NCIplot highlighting key stabilizing noncovalent interactions (NCIs). The RDG *s*=0.5 au isosurface is colored over the range −0.07\<sign(λ~2~)⋅ρ\<0.07 au: blue denotes strong attraction, green stands for moderate interaction, and red indicates strong repulsion.](open0003-0242-f9){#fig09}

Conclusions
===========

We have developed two heteroditopic receptors **2** and **3**, which display solvatofluorochromism and behave as true "lab-on-a-molecule" probes. They have been shown to be selective dual channel chemosensors for mercury (II) and acetate ions. Interestingly, both receptors act as luminescent molecular chemosensors for the detection of nitroaromatic compounds, particularly exhibiting selective response towards picric acid.

Experimental Section
====================

Chemistry
---------

**General Remarks**: Melting points were determined on a hot-plate melting point apparatus and are uncorrected. ^1^H and ^13^C NMR spectra were recorded at 300 and 75 MHz, respectively, for **2**, and 400 and 100 MHz, respectively, for **3**. HMBC and HMQC spectra were recorded at 400 MHz. Chemical shifts (*δ*) are given relative to the signals of tetramethylsilane in the case of ^1^H and ^13^C spectra. UV/Vis spectra were obtained using a UV/Vis near infrared spectrophotometer with a dissolution cell path of 10 mm. The samples were dissolved in CH~3~CN (*c*=5×10^−5^ [m]{.smallcaps}), and the spectra were recorded with the spectra background corrected before and after the sequential additions of aliquots of 0.1 equiv of cations or anions in CH~3~CN (*c*=2.5×10^−2^ [m]{.smallcaps}) and aliquots of 10 equiv of nitroarenes in CH~3~CN (*c*=0.5 [m]{.smallcaps}). Fluorescence spectra were carried out in a fluorescence spectrophotometer using a fluorescence cell of 10 mm (*c*=5×10^−6^ [m]{.smallcaps} for **2** and 1×10^−5^ [m]{.smallcaps} for **3** in CH~3~CN). Before recording the spectra, the samples were deoxygenated, to remove fluorescence quenching via oxygen, by bubbling nitrogen through the solution for at least 10 min. All spectra were recorded before and after the sequential additions of aliquots of 0.1 equiv of a solution of cations or anions in CH~3~CN (*c*=3×10^−3^ [m]{.smallcaps} for **2** and 6×10^−3^ [m]{.smallcaps} for **3**) and aliquots of 10 equiv of nitroarenes in CH~3~CN (*c*=0.3 [m]{.smallcaps} for **2** and 0.6 [m]{.smallcaps} for **3**). Quantum yield values were measured with respect to anthracene as standard (Φ=0.27±0.01),\[[@b26]\] using the equation Φ~x~/Φ~s~=(*S*~x~/*S*~s~)\[(1−10^−*A*s^)/(1−10^−*A*x^)\]^2^(*n*~s~^2^/*n*~x~^2^) where x and s indicate the unknown and standard solution, respectively, Φ is the quantum yield, *S* is the area under the emission curve, *A* is the absorbance at the excitation wavelength, and *n* is the index of refraction. The recognition properties were investigated in the presence of several metal cations (Li^+^, Na^+^, K^+^, Ca^2+^, Mg^2+^, Cd^2+^, Cu^2+^, Ni^2+^, Zn^2+^, Pb^2+^, and Hg^2+^) and anions (F^−^, Cl^−^, Br^−^,I^−^, H~2~PO~4~^−^, HP~2~O~7~^3−^, HSO~4~^−^, CN^−^, AcO^−^, PF~6~^−^, BF~4~^−^, ClO~4~^−^, NO~3~^−^, and OH^−^).\[[@b20]\]

**General procedure for the preparation of 5-substituted-6*H*-imidazo\[4,5-*e*\]-2,1,3-benzothiadiazoles 2 and 3**: To a solution of the appropriate aldehyde (1.72 mmol) in nitrobenzene (12 mL) and acetic acid (0.5 mL), 4,5-diamino-2,1,3-benzothiadiazole (0.29 g, 1.72 mmol) was added. The reaction mixture was stirred for 24 h at 60 °C. Afterwards, a saturated aq solution of NaHCO~3~ was added until pH 7 was achieved. The resulting mixture was poured into water (50 mL) and extracted with CH~2~Cl~2~ (2×50 mL). The combined organic phase was dried over anhyd NaSO~4~, filtered and concentrated under vacuum. The resulting residue was chromatographed on a silica gel column twice, first using CH~2~Cl~2~/Et~2~O (7:3), and then using CH~2~Cl~2~/MeOH (9.5:0.5). Finally, recrystallization from CH~2~Cl~2~ gave the desired compound as a yellow solid.

**5-(2-Pyrrolyl)-6** ***H*****-imidazo\[4,5-*e*\]-2,1,3-benzothiadiazole (2)**: Yield=40 % (0.16 g); mp: 260--264 °C (decomp); ^1^H NMR (300 MHz, CD~3~OD, Me~4~Si): *δ*~H~=6.28 (1 H, dd, *J*~3′,4'~ 3.6; *J*~4′,5'~ 2.7, H~4′~); 6.89 (1 H, dd, *J*~3′,5'~ 1.2; *J*~3′,4'~ 3.6, H~3′~); 7.01 (1 H, dd, *J*~3′,5'~ 1.2, *J*~4′,5'~ 2.7, H~5′~); 7.73 (1 H, d, *J*~7,8~ 9.3, H~8~); 7.82 ppm (1 H, d, *J*~7,8~ 9.3, H~7~); ^13^C NMR (100 MHz, CD~3~OD, Me~4~Si): *δ*~C~=110.7 (C~3′~, C~5′~), 116.5 (C~7~, C~8~), 122.6 (C~5′~), 122.9 (C~2′~), 147.9 (C~5~), 155.1 ppm (C~8a~); HRMS-ESI: \[*M*+1\] *m*/*z* calcd for C~11~H~7~N~5~S: 242.0495, found: 242.0504.

**5-\[4-(*N,N*-Diphenyl)aminophenyl\]-6** ***H*****-imidazo\[4,5-*e*\]-2,1,3-benzothiadiazole (3)**: Yield=40 % (0.288 g); mp: 275--277 °C (decomp); ^1^H NMR (400 MHz, \[D~6~\]DMSO, Me~4~Si): *δ*~H~=7.07 (d, 2 H, *J*~2′,3′~=8.8 Hz, H~3′~), 7.12 (m, 6 H, H~2′′~+H~4′′~), 7.36 (m, 4 H, H~3′′~), 7.78 (d, 1 H, *J*~7,8~=9.2 Hz, H~7~), 7.93 (d, 1 H, *J*~7,8~=9.2 Hz, H~8~), 8.11 (d, 2 H, *J*~2′,3′~=8.8 Hz, H~2′~), 13.58 ppm (br s, 1 H, NH); ^13^C NMR (100 MHz, CD~3~OD, Me~4~Si): *δ*~C~=116.4 (C~7~), 123.0 (C~3′~), 124.3 (C~4′~), 125.3 (C~2′~, C~4′~), 126.3 (C~2′~, C~4′~), 128.9 (C~2′~), 131.1 (C~3′′~); 148.0 (C~1′′~), 150.1 (q), 152.1 (q), 154.7 ppm (q); HRMS-ESI: \[*M*+1\] *m*/*z* calcd for C~25~H~17~N~5~S: 420.1277, found: 420.1283.

Computational methods
---------------------

Density functional theory (DFT) calculations were performed with the ORCA program.\[[@b27]\] All geometry optimizations were run in redundant internal coordinates using the Truhlars M06--2X functional\[[@b28]\] together with the def2-TZVP basis set\[[@b29]\] and the new efficient RIJCOSX algorithm.\[[@b30]\] Solvent effects (acetonitrile) were taken into account via the COSMO solvation method.\[[@b31]\] From these optimized geometries, all reported data were obtained by means of single-point (SP) calculations using the more flexible and polarized def2-TZVPP\[[@b32]\] basis set. Unless otherwise stated, all reported energies were obtained using the recently developed near-linear scaling domain-based local pair natural orbital (DLPNO) method\[[@b33]\] to achieve coupled cluster theory with single-double and perturbative triple excitations (CCSD(T)) calculations and were corrected for the zero-point vibrational term at the optimization level. For comparative purposes, energies were also computed using the double-hybrid-*meta*-GGA functional PWPB95\[[@b34]\] together with the latest Grimmes semiempirical atom-pair-wise correction (DFT-D3 methods) accounting for the major part of the contribution of dispersion forces to the energy\[[@b35]\] and spin-component scaled second-order Möller--Plesset perturbation theory (SCS-MP2).\[[@b36]\] Also, LPNO schemes for high-level single-reference methods, such as the coupled electron-pair approximation (CEPA);\[[@b37]\] here the slightly modified NCEPA/1 version\[[@b38]\] implemented in ORCA was used. The energy balance for the formation of the ion pair includes the correction for the basis set superposition error (BSSE), except at the LPNO-NCEPA/1 level, due to convergence problems in the coupled-pair iterations. Wiberg bond indices (WBI) and Löwdin bond orders (LBO) were obtained from the natural bond orbital (NBO)\[[@b39]\] and Löwdin\[[@b40]\] population analyses, respectively. Baders AIM-derived topological analysis of the electron density\[[@b41]\] was conducted with AIM2000.\[[@b42]\] The electron density computed for the ion pair \[**2**⋅H\]^+^⋅\[4−O~2~N−C~6~H~4~−O\]^−^ with the lower def2-TZVP(-f) basis set was used as input for the NCIplot program. Figure [9](#fig09){ref-type="fig"} was prepared using VMD--Visual Molecular Dynamics.\[[@b43]\]
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